We investigate source and detector non-standard neutrino interactions at the proposed ESSνSB experiment. We analyze the effect of non-standard physics at the probability level, the event-rate level and by a full computation of the ESSνSB setup. We find that the precision measurement of the leptonic mixing angle θ 23 at ESSνSB is robust in the presence of non-standard interactions, whereas that of the leptonic CP-violating phase δ is worsened at most by a factor of two. We compute sensitivities to all the relevant source and decector non-standard interaction parameters and find that the sensitivities to the parameters ε s µe and ε d µe are comparable to the existing limits in a realistic scenario, while they improve by a factor of two in an optimistic scenario. Finally, we
I. INTRODUCTION
Without comparison, the Standard Model of particle physics (SM) is the most successful physics model to date, accurately predicting an enormous number of observables with high precision from only a handful of fitted parameters. The success of the SM may have culminated in 2012 when the ATLAS and CMS experiments announced the discovery of the Higgs boson [1, 2] , predicted by the SM as a direct result of the electroweak symmetry breaking which was introduced to provide masses into the theory. Still, there are a number of observations which may not be explained within the SM itself. Most notable among these are the existence of dark matter, the exclusion of gravity and the observation of neutrino oscillations. In addition, there are conceptual theoretical problems with the SM, such as the hierarchy problem, indicating that the SM may only be a low-energy approximation of a more general theory. As such, the SM should be viewed as an effective theory and a priori higher-dimensional operators, suppressed by powers of a new mass scale Λ should be added to the SM Lagrangian. At lower energies, the additional effective operators will generally produce very small corrections due to this suppression. This concept is further supported by the fact that the only gauge invariant operator allowed at dimension five, and therefore suppressed only by one power of Λ, is the so-called Weinberg operator [3] , which results in a Majorana mass term for the left-handed neutrinos of the SM. It is therefore not unreasonable to imagine that the effect of neutrino masses would be among the first observations of physics beyond the SM, which indeed is the case due to neutrino oscillations requiring neutrino mass-squared differences to be non-zero.
Neutrino flavour conversion, although at that time not confirmed as such, was first observed in solar neutrino experiments where a discrepancy between the observed flux and the flux predicted by solar models was found [4] . Since the first robust evidence of neutrino oscillations by the Super-Kamiokande experiment's observation of atmospheric neutrinos in 1998 [5] , they have been extensively studied experimentally in a variety of atmospheric, solar, reactor, and accelerator experiments, which have helped to constrain the neutrino mass and mixing parameters to very high precision (see Refs. [6] [7] [8] for recent global fits). The remaining questions in neutrino oscillation physics today are the neutrino mass ordering, the existence or non-existence of CP violation in the lepton sector and the octant of the leptonic mixing angle θ 23 . Answering these three questions is the main aim of the next gen-eration of neutrino oscillation experiments, such as the European Spallation Source Neutrino Super-Beam (ESSνSB) experiment [9] , which is a proposed accelerator neutrino experiment based on the European Spallation Source (ESS) currently under construction in Lund, Sweden. The sensitivity of ESSνSB to the CP-violating phase δ was studied in Ref. [9] , while the sensitivity to other standard oscillation parameters was discussed in Ref. [10] and the sensitivity to light sterile neutrinos in Ref. [11] .
While the Weinberg operator provides the neutrino masses necessary for neutrino oscillations to occur and neutrino oscillations have been firmly established as the leading mechanism behind neutrino flavour conversion, higher-order operators may give rise to subleading contributions to the neutrino conversion probabilities and their observation would allow us to gain additional insight into the high-energy completion of the SM and the generation of neutrino masses. In addition, it may be necessary to consider the robustness of the usual neutrino oscillation parameters when higher-order operators are also considered. One of the more common types of operators to be investigated in this respect is non-standard neutrino interactions (NSIs), which are effective four-fermion operators involving at least one neutrino field. For recent reviews on NSIs, see Refs. [12, 13] .
In this work, we will consider the possible impact of NSIs at the ESSνSB experiment.
We will study both the influence of NSIs on the determination of the standard neutrino oscillation parameters and the bounds which ESSνSB could place on the NSI parameters.
In particular, we will focus on correlations in the determination of the leptonic CP violation and the NSI parameters, which is of large importance for ESSνSB as the discovery of leptonic CP violation is the major scientific target of this experiment.
The rest of this work is organized as follows. In Sec. II, we will briefly review nonstandard neutrino interactions and present the current upper bounds on the source and detector NSI parameters. Next, in Sec. III, the setup of the proposed ESSνSB experiment will be discussed. Then, in Sec. IV, we will investigate the phenomenology of source and detector NSIs at probability and event-rate levels. In Sec. V, the main results of our full computation on source and detector NSIs at ESSνSB will be presented. Finally, in Sec. VI, we will summarize and draw our conclusions.
II. NON-STANDARD NEUTRINO INTERACTIONS
When considering NSIs, we will be confronted with effective four-fermion operators of the type
where f i (i = 1, 2, 3, 4) are SM fermion fields and P L,R are left-and right-handed projections. These operators are of dimension six and they will therefore appear together with an effective coupling constant of dimension minus two in the effective Lagrangian. Since we are interested in the NSIs of neutrinos, we require that at least one of the fermion fields in the operators is a neutrino field, which implies that the corresponding projection operator must be P L . Furthermore, in order to keep the electromagnetic and strong interactions unbroken, we require that all operators are scalars under transformations of the corresponding gauge groups. Due to the weak interaction being broken, we do not impose any constraints on the transformation of the operators under SU(2) L . It should be mentioned that imposing SU(2) L gauge symmetry on the dimension-six operators would lead to flavour constraints on these operators [14, 15] , leaving only a few possible operators without significant constraints due to the non-observation of effective four-charged-fermion processes such as µ → 3e.
The dimension-six operators which break SU(2) L may generally be induced from higherdimensional operators such as (φφ † )O, where φ is the Higgs field, which are invariant under SU(2) L , but generate SU(2) L -breaking terms once the Higgs field takes on a vacuum expectation value v. Depending on the dimension at which the NSIs are generated above the electroweak scale, we may expect the NSI coefficients to scale as v n−6 /Λ n−4 , where n is the dimension and Λ is the energy scale at which the NSIs are generated .
The different possible neutrino NSIs are generally divided into two categories of effective four-fermion operators. The neutral-current NSIs [16, 17] 
where f is a charged fermion field, affects the neutrino flavour propagation in matter for f = u, d, e by providing an effective potential analogous to the Mikheyev-Smirnov-Wolfenstein (MSW) potential [16, 18, 19] . For the neutral-current NSIs to be of importance, relatively large matter potentials and/or high neutrino energies are required. As this is not the case for the ESSνSB experiment, we will not focus on such NSIs in this work. On the other hand,
where f and f ′ are different fermion fields such that the operator is invariant under U(1) EM and SU(3) c , will instead affect the production and detection processes of neutrinos and this effect will not depend on the neutrino energy or the presence of matter along the neutrino propagation.
In the remainder of this work, we will focus on the charged-current NSI Lagrangian
which includes the operators that will appear in neutrino production by pion decays π → ℓ α ν and charged-current neutrino detection processes. Here, we have normalised the strength of the NSIs to that of the weak interaction by the introduction of the Fermi coupling constant G F . The NSI parameters ε αβ are therefore dimensionless numbers expected to be of the order (v/Λ) n−4 . With the introduction of charged-current NSIs, the production amplitude of the neutrino mass eigenstate |ν i in the π + , which in the SM is proportional to U * µi , where U is the leptonic mixing matrix, is now instead proportional to α (δ µα + ε s µα )U * αi , where the NSI parameters relevant for the source process are
Unlike the source process, the detection process does not necessarily involve a pseudoscalar current in the quark sector. We instead define the NSI parameters relevant for the detection process as
where P represents the quark current in the detection process. Due to the nature of the inverse beta decay involved in the detection process, this definition oversimplifies the neutrino oscillation probabilities that we will discuss in Sec. IV. 1 However, we will use this as 1 In fact, the neutrino oscillation probabilities should be computed along the lines
where P αβ (ε s , ε d ) is the probability for a given source/detector NSI. Note that the largest prefactor comes from the contribution with the source and detector effects both dependent on the axial quark current.
This would therefore indicate a relation between the source and detector NSIs.
a simplified model for how NSIs may affect ESSνSB. The complex conjugate and change of indices has been introduced to adhere to the usual convention in the field when considering detector NSI effects. The production rates of charged leptons at the detector in any neutrino oscillation experiment will be affected by this change in the production and detection amplitudes and we may ask the question whether or not the presence of such NSIs could be measured or have a negative impact on the experimental precision to the standard oscillation parameters. The experimental bounds (at the 90% C.L.) on the NSI parameters relevant for the ESSνSB experiment from non-oscillation experiments are given by [21] 
Although these bounds are quite stringent, it should be kept in mind that the next generation of neutrino experiments is aiming for highly sensitive measurements of the neutrino oscillation parameters. As such, even sub-leading effects may be of interest and it is worth the effort to examine the possible impact of these effects. It is also worth noting that new oscillation experiments, such as those performed with nuclear reactors, may be sensitive to some of these NSI parameters as well [22] . However, the current bounds from these experiments are somewhat weaker than the bounds quoted above [23] .
III. THE ESSνSB EXPERIMENTAL SETUP
In this section, we describe the experimental setup for the proposed ESSνSB experiment.
We have used the standard flux (with 2 GeV protons) and cross-sections from the ESSνSB collaboration [9] . The source provides a neutrino beam for two years and an antineutrino beam for eight years. We have assumed that a 500 kiloton water Cherenkov detector is placed at a distance of 540 km from the source, which corresponds to the location of the mine in Garpenberg, Sweden. The detector specifications have been taken from the performance study of the MEMPHYS detector [24] . The energy range of interest is up to 2 GeV, which is divided into 20 energy bins. We have used 9% (18%) systematic errors on the signal (background) events. Unless specified otherwise, we have also assumed the existence of a near detector with mass 1 kiloton, 1 km from the source and the same flux as at the detector at 540 km scaled by the distance-squared. As a crude approximation, we assume the same characteristics for both these detectors.
To this end, we have written our own probability engine to calculate the neutrino oscillation probability in the presence of source and detector NSIs. This probability engine interfaces with GLoBES [25, 26] for calculating the neutrino event rates at ESSνSB. The large parameter space is handled with the help of the GLoBES plugin MonteCUBES [27] .
IV. NEUTRINO OSCILLATIONS WITH NSIS
Standard three-flavour neutrino oscillations depend on six fundamental parameters -two mass-squared differences, ∆m , three mixing angles, θ 12 , θ 13 and θ 23 and one CP-violating phase δ. In addition, if the neutrinos are propagating through matter, the charged-current interactions of the neutrinos with electrons modify the oscillations. This effect can be incorporated into the probability formalism by using the MSW potential term 16, 18, 19] , where n e is the number density of electrons in the matter and E is the neutrino energy. For an experiment like ESSνSB with a short baseline length as well as low neutrino energy, we can ignore the matter effects for the sake of this discussion.
(The numerical results presented in this work do not make any such assumption.)
Non-standard neutrino interactions can affect the production and detection of neutrinos at the source and detector, respectively. In the SM, interactions of charged leptons with neutrinos are strictly flavour-diagonal. However, charged-current NSIs can introduce a nonzero overlap between charged leptons and neutrinos of different flavours. Thus, a neutrino produced at a source in association with a charged lepton ℓ α is not simply ν α , but is given by [20, [28] [29] [30] 
Similarly, a neutrino that produces a charged lepton ℓ β in a detector is
The matrices ε s and ε d are in general complex, giving 36 new parameters. These are 9 amplitudes and 9 phases of each NSI parameter in the source and detector NSI matrices.
Not all of the 36 NSI parameters are relevant for the experiment under consideration.
Since we are only interested in the oscillation channels ν µ → ν e and ν µ → ν µ (and their CP conjugates), the relevant parameters are ε s µγ , ε d γe and ε d γµ , where γ ∈ {e, µ, τ }. Thus, the parameter space is reduced to 9 complex or 18 real parameters, in addition to the standard ones. In this work, we treat all of them as independent parameters, which is the most general case.
Deriving an analytical formula for the neutrino oscillation probabilities is difficult even in the standard three-flavour scenario. Typically, expressions for the probabilities are given as perturbative expansions in small parameters such as ∆m 2 21 /∆m 2 31 or sin θ 13 [31] [32] [33] . For the discussion in this section, we refer to the analytical formulae for vacuum oscillation probabilities derived in Ref. [34] , which include source and detector NSIs. These formulae are valid up to second order in ∆m 2 21 /∆m 2 31 and sin θ 13 , and up to first order in the NSI parameters. It is easy to observe that linearizing the expressions in the NSI parameters and ignoring cubic and higher order terms overall, leaves only a few NSI parameters in the expressions. For instance, in the case of the vacuum probability P µe , only the NSI parameters ε are present up to linear order. While these approximate analytical formulae provide useful insights into the physics of NSIs in neutrino oscillations, we stress that all simulation results presented in this work make use of numerically computed neutrino oscillation probabilities without approximations.
In Fig. 1 , we have plotted the variation of the neutrino oscillation probability P µe with the amplitude of each of the relevant NSI parameters. The range of values chosen for the NSI parameters is the 90% C.L. bounds on them as listed in Eq. (7). Each of the probabilities shown are calculated numerically, using δ = 0, θ 23 = 45
• and normal neutrino mass ordering;
and all other NSI parameters, including phases, set to zero. Out of the three NSI parameters present up to linear order, the variation due to ε d τ e is the strongest, while that due to ε d µe is the weakest. This pattern follows from the allowed range given by the current bounds.
Out of the remaining three, ε s µµ has the greatest effect, which is again because it is not very tightly constrained by current data. Figure 1 is plotted for a fixed value of δ = 0. For ESSνSB, it is interesting to explore the interplay between δ and the NSI parameters. To this end, we show in Fig. 2 bi-probability plots for ESSνSB. This figure is presented for a fixed energy of 400 MeV, which corresponds to the second oscillation maximum for the ESSνSB baseline. This is also the energy around which the unoscillated event rate is maximal. As δ varies over its full range, the neutrino and antineutrino probabilities trace out an ellipse as shown. In the standard case, we obtain the central (blue) ellipse. In each of the panels of this figure, one NSI parameter is varied within its 90% C.L. bound, which gives the spread in the ellipse.
In order to explain the features observed in Fig. 2 , we define the variation of the neutrino oscillation probability as
where α, β ∈ {e, µ, τ } and x ∈ {s, d}. Using the perturbative analytical expression for P 
where ∆ ≡ ∆m 2 31 L/(4E). In deriving each of Eqs. (11)- (13), we have set all other NSI parameters to zero. Note that for the cases of ε s µµ , ε s µτ and ε d ee , there are no linear-order terms in the corresponding formulae, and the dependence on the NSI parameters only appear at second order and above. First, we observe (as in Fig. 1 ) that the variation of P µe is the largest for ε • , the probability becomes independent of ε s µe , and the band 'pinches off'. This occurs when δ is around 120
• or −60
• . For antineutrinos, the sign of δ is changed, and one can use similar arguments to find the broadest and narrowest points along the P µe axis as well.
Finally, Fig. 3 shows the neutrino and antineutrino event rates for ESSνSB in a bi-rate plot, using the same parameter values as for Where the experimental error bars on the total event rates are smaller than the possible variation of the NSI parameters, the ESSνSB will generally be sensitive to NSIs smaller than the current bounds. However, note that the converse is not necessarily true as the experimental results do not only include the total event rates, but also spectral information, which may also be used to constrain the NSIs. In particular, this will be apparent for our results on ε d µe , which does not change the event rates significantly.
V. RESULTS ON NSIS AT ESSνSB
The main goal of the proposed ESSνSB experiment is to measure the CP-violating phase δ with high precision. In this section, we examine both the impact of the NSI parameters on this δ measurement and the ability of ESSνSB to measure the NSI parameters.
The central values of the neutrino parameters ∆m each case, and are specified in the text. In addition, we have assumed a 5% prior on the true value of sin 2 2θ 23 . The NSI parameters are of the form ε x αβ , where α, β ∈ {e, µ, τ } and x ∈ {s, d}, since the source and detector NSI parameters can be different in general. Thus, we have 18 complex NSI parameters, or 36 real NSI parameters, in addition to the standard ones. We have run our simulations for both normal (NO) and inverted (IO) neutrino mass ordering. We find that there is very little qualitative difference between the results in these two cases. Therefore, in what follows, we show only the NO results.
A. Effect on precision measurement at ESSνSB
In this subsection, we discuss the interplay between NSI parameters and the δ precision of ESSνSB. The results are shown in the form of precision contours in the θ 23 −δ plane. This is performed for three representative values of θ 23 ∈ {42
• , 45
• , 48 • }; and four representative values of δ ∈ {−90
First, we explore the effect of marginalizing over the source and detector NSI parameters on precision measurements at ESSνSB, in the special case the true NSI parameters are zero.
In other words, we take all the NSI parameters to be zero when generating the mock data, but allow them all to vary in the fit. Thus, these plots show the robustness of the ESSνSB measurements against a scan for NSIs. The results are shown in Fig. 4 . The solid curves show the 68%, 90% and 95% C.L. contours for the allowed region in the parameter space.
The dashed contours are for the standard case where there are no NSI parameters in the data or the fit.
We observe that the search for NSIs does not affect the θ 23 precision of ESSνSB much.
The precision in δ is worsened to at most twice its standard precision, in the worst case.
For most cases, the precision is seen to be quite robust, even in spite of a severely enlarged parameter space. This is true, irrespective of the true value of θ 23 or δ.
Second, in Fig. 5 , we investigate the same effect as in Fig. 4 , but with a non-zero value for the NSI parameters in the mock data. These 'true' values of the NSI parameters have been taken to be half of the bounds given in Eq. (7) for the amplitudes. The true values of the non-standard phases are taken to be zero. In the fit, as before, all the standard as well as the NSI parameters are marginalized over. Thus, these plots show the robustness of measurements at ESSνSB against a scan for NSI parameters, but in the presence of NSIs.
As in the previous case, in the presence of NSIs, we observe that the θ 23 measurement is not affected much, while the precision in δ worsens. Here, the worsening depends significantly on the value of δ in nature. When δ = 0, the worsening of precision is least, whereas for δ = 180
• , the precision is worst. This is seen uniformly across the range of θ 23 values considered. The reason for this is as follows. A measure of the precision of δ is dP vac µe /dδ. In order to find the value of δ at which this precision is minimal, we set the derivative of this quantity, i.e. d 2 P vac µe /dδ 2 to zero. Since the dependence of the probability on δ is harmonic, the second derivative is proportional to the probability itself. As seen from the panels in Fig. 2 , the smallest probability for both neutrinos and antineutrinos is around 180
• . This is why the precision of δ is worst at 180
• in the presence of NSIs. 
B. Constraining NSI parameters at ESS
Having investigated the effect of NSIs on precision measurements at ESSνSB, we explore the ability of this experiment to measure the NSI parameters themselves. As we have seen before, the effect of the NSI parameters on the probability is quite mild. Therefore, we do not expect to obtain very strong constraints on these parameters. The 90% C.L. limits on the NSI parameters using data from ESSνSB are summarized in Table I . The first column gives the limits when all the other NSI parameters are kept free in the fit, which can be simply read off from Fig. 7 . These limits should be interpreted as being realistic, since they are derived without making any assumptions on the values of the other NSI parameters. We have also computed the limits when the NSI parameters are only considered one at a time, i.e. all other NSI parameters are fixed to zero. These limits, which are given in the second column, are more optimistic. The realistic limits on |ε s µe | and |ε d µe | are comparable to the ones in Ref. [21] , which are listed in the third column for ease of comparison.
2 This is because these parameters have the maximum effect on P µe , as seen from the analytical expressions. In the optimistic case, the limits on |ε We have also checked whether ESSνSB can measure the values of the NSI parameters with any reasonable precision. The procedure for this is the same as for Fig. 7 , except that the true values of the NSI parameters are non-zero. We have chosen these true values to be half of the 90% C.L. bounds given in Ref. [21] . The χ 2 resulting from these computations is shown in Figs. 8 and 9 for the amplitudes and the phases of the NSI parameters, respectively.
We find that ESSνSB is not capable of distinguishing the chosen non-zero values of the parameters from zero, even at 68% C.L., nor is it able to significantly constrain any of the NSI phases.
C. Role of near detector and systematics
Throughout this study we have used systematic errors of 9% in the signal and 18% in the background events [24] . These are typical values for a superbeam experiment with a megaton-scale water Cherenkov detector. In order to study the role of systematic errors on our results, we have also simulated our experiment with a smaller systematic error of 5% in both signal and background. This is of course a very optimistic value. We have found that the limits on NSIs from ESSνSB do not change appreciably with this drastic reduction of systematic errors. This is because in spite of having a large detector and intense source, ESSνSB is still statistics-dominated due to the lower event rate at the second oscillation maximum.
Finally, we examine the role played by the near detector in the sensitivity of ESSνSB.
As described before, we have used a crude simulation of the near detector throughout this work. Here, we compare the results of our simulation with and without the near detector.
We show in Fig. 10 a recomputed version of Fig. 5 , both with and without the near detector.
The solid contours are the same as before, but the dashed contours show the same allowed regions, if only the far detector is used. We observe that in the absence of a near detector, the δ-sensitivity of ESSνSB is worsened. The limits on NSI parameters are also worse without the near detector.
VI. SUMMARY AND CONCLUSIONS
In this work, we have investigated the effects of source and detector NSIs at the proposed neutrino oscillation experiment ESSνSB, with a baseline of 540 km -the source being the ESS in Lund, Sweden and a MEMPHYS-like detector in Garpenberg, Sweden. The
ESSνSB experiment is designed to determine the leptonic CP-violating phase δ at the second oscillation maximum. However, it may also be able to probe source and detector NSIs. Due to the short baseline length and low neutrino energy of this experiment, matter NSIs will not be of importance, and are therefore not considered in this work.
First, we have studied the three-flavour neutrino oscillation probabilities with source and detector NSIs, which depend on six relevant NSI parameters -ε Finally, we have examined the influence of the presence of a near detector at the ESSνSB experimental setup. Indeed, we show that without a near detector the results would be more pessimistic concerning both the sensitivity of δ and the limits on the NSI parameters. Note that the results are not changed significantly by reducing the systematic errors.
In conclusion, using ESSνSB with a near detector, the presence of NSIs will at most reduce the measurement of δ by a factor of two, while a measurement of θ 23 will remain robust. In addition, it is possible to improve the existing upper limits on some of the NSI parameters by a factors of two. 
